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PHYSIOLOGICAL ROLE OF BRAIN MONOAMINES

' USE OF DRUGS THAT BLOCK STORAGE IN
STUDIES OF BRAIN MONOAMIN'ES

of the inaccessibility of specific pathways in the central nervous
function of brain amines cannot be ascertained by the same type

of simple and convincing experiments that have shown the role of neurohormones
in the peripheral nervous system. A conventional approach has been to deter-
mine the physiological changes produced by intravenous injection of the substance.
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However, it is not easy to translate these effects in terms of a normal role
kecause the exogenous amine is spread throughout the body and may elicit
alterations in function quite different from those it would cause if released at
its reactive sites. One has only to remember that many studies of injected
histamine have not revealed its physiological role. - An additional difficulty arises
from the poor penetration of monoamines into brain. The large doses needed
to evoke a central action also produce peripheral effects.

To circumvent the blood-brain barrier, 5SHT is administered in the form of
its precursor 5SHTP on the assumption that the central effects of the 5HT formed
in brain reflect the normall action of endogenous 5HT. In studies with SHTP
the assumption is usually made that 5HT is formed only at sites where this
amine is normally made and stored. However, 5HTP and DOPA are decarboxyl-
ated by the same enzyme (12,25), and therefore 5HT will also be formed at
catecholamine sites. As shown later, the effects of a high level of free S5HT
confined to its normal sites of action are quite different from those produced by
S5HTP (64).

When studies in our laboratory (65) first demonstrated that reserpine deplet-
s brain 5HT, we explored the possibility that a drug which blocks the storage
of an amine might disclose the normal function of this amine. If a drug blocks
the storage of only one amine, changes in physiological, psychological, biochem-
ical and EEG behavior might suggest which neuronal pathway is modulated
by the substance. When more than one amine is affected it is necessary to
find a more selective agent. Reserpine is particularly useful in studying brain
amines since it blocks their storage (66) but not their formation (67).. Another
advantage of reserpine is its nonreversible action. Thus, interpretations are
not clouded by effects which result from reversible combinations of drug mole-
«cules with cell constituents.

Kinetiecs of formation, release and disappearance of brain amines after
blockade of storage

Since all compounds that block the storage of brain SHT also produce a
characteristic reserpine-like syndrome, it is teinpting to attribute the pharma-
cological effects to this action (65,67,68,69). In attempts to associate (or disso-
ciate) reserpine action with amine changes, it is often assumed that blockade
of storage will produce the same physiological effects as blockade of synthesis.
Accordingly a depletion of amine stores is usually equated with a deficiency of
free amines at reactive sites (70). The amines are formed continuously and
newly-formed molecules are either stored, or inactivated by MAO. Levels of
amines at active sites depend mainly on release from storage which is under
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nervous cntrol. Although reserpine impairs processes-that store amines, syn-
thesis continues unabated, and without a mechanism for storage newly-formed
molecules flow unobstructed onto reactive sites. The effect of reserpine will
now depend on the resultant level of amines at these sites. This in turn is
determined by the balance between rates of synthesis and disappearance. Con-
sideration should be given therefore to the kinetics of amine formation, metab-
olism, and diffusion after blockade of amine storage.

If formation is slow compared to disappearance, the equilibrium level will
be too low to produce a persistent response. Presumably this happens at periph-
eral sympathetic sites where free NE is formed too slowly to maintain sympathetic
tone. Contrastingly, if formation is rapid relative to disappearance, then the
level at equilibrium will be sufficient to produce apersistent response. In this
regard, the enormous activity of the amines in the free form must be appreci-
ated. For example, the uterus of rats which have been given SHTP shows no
contractile activity in Locke’s solution, even though the muscle contains 3.8v/g
of SHT. If 0.01y/ml is now added, a strong contraction results (64). Thus in
the free state the amine is active with only about one part in several hundred.
Available assay methods do not yield a conclusive answer of whether reserpine:
produces a deficiency of NE at reactive sites in the brain. However, assay of
heart NE after reserpine administration indicates that the level is virtually zero,
while small amounts of NE are detectable in brain (71). Moreover, NE must:
be. present in amounts. sufficient to maintain central adrenergic output as evi
denced from the electrical recording or preganglionic impulses which shows a
greater than normal sympathetic output (72,73).

The possibility that uncontrolled release results in a sustained level of SHT
at reactive sites must now be seriously considered in view of the recent articlesv
of Bulbring and Crema on reserpine action in the guinea pig gut (74,75). These
authors have shown that on treatment with enough reserpine to deplete 5HT
stores, there is an increased peristaltic activity due to the uncontrolled pelease
of 5HT onto sensory receptors which regulate contractibility of the gut. The
balance between formation and inactivation of 5HT is such that active sites are
continuously occupied by the amine. .

Two factors favor the view that reserpine action in brain is caused by an
uncontrolled release of 5SHT onto reactive sites. First, 5HT is formed extremely
rapidly compared .to NE (24); second, and perhaps of more.consequence, the
blood-brain barrier does not permit the ready passage of free 5HT into the blood
stream. In contrast there is no hindrance to the diffusion- of NE -released at
peripheral nerve endings.
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When this laboratory showed that reserpine inhibits 5HT storage and pro-
duces sedation for the same length of time, it was proposed that the two events
were causally related (65,66). This view seemed plausible as many effects of
reserpine, including tranquilization, decreased motor activity to external stimuli,
and increased parasympathetic outflow, are elicited by electrical stimulation of
areas in the limbic system (76) and diencephalon (77), where 5HT is heavily
concentrated. Reserpine was postulated to stimulate a neuronal network modu-
lated by 5HT which ties in central parasympathetic activities with patterns of
behavior for conservation and protection of organisms (1).

When other workers announced that reserpine also blocked NE storage
processes (78,79), this seed of a theory for the role of 5HT, based on reserpine
action, - seemed to have fallen on unfertile soil. In its place sprouted the view
that the central effects of reserpine are caused by deficiency of catecholamines
at reactive sites. - The change in 5HT seemed no longer necessary to explain
reserpine action. Carlsson ez al. (80) fertilized this view by demonstrating
that dopamine (from DOPA administration) counteracts the tranquilizing action
of reserpine and suggested that the high brain level of dopamine could substitute
for the loss of NE. The same argument has been used by Everett and Toman
(81) to explain the reversal of reserpine action by desoxyephedrine.. The con-
cept that reserpine causes NE deficiency in brain is based on the assumption
that the kinetics of amine formation and disappearance are the same in brain
as. in peripheral neurons; and that dopamine and desoxyephedrine overcome the
action of reserpine rather than counteracting its effects through physiological
antagonism. ' :

- Support for Carlsson’s view was soon forthcoming, On the basis of mono-
amine bioassays with a wide range of experimental variability, Karki and Passo-
nen (82) concluded that raunescine causes sedation in rats at doses that selecti-
vely release brain NE. By using precise fluorometric methods, our laboratory
found that sedative doses of raunescine causes an equal lowering of the levels
of both amines (69). Pletscher ez al. (58) also proposed that the sedative action
of reserpine is associated with loss. of NE. .The basis for this proposal was data
showing that a potent benzoquinolizine (Ro-4-1284) releases more brain NE than
a weak congener Ro 4-1398, though the drugs release 5HT to the same extent.
However, by measuring the brain.amine levels at various times after the drugs,
we showed that the more potent compound depletes the most stored 5HT (66).

Despite the lack of direct proof, the very logicality of the catecholamine
deficiency theory made it an attractive one. First no clear role for S5HT was
evident and its presence in brain as well as its release by reserpine seemed to
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be an accidental akerration in nature’s orderly arrangements. In contrast the
importance of central adrenergic mechanisms in the control of alertness and
motor activity was well established (2,4). Moreover, chlorpromazine was con-
sidered to cause a functional deficiency of brain NE by antagonizing central
adrenergic mechanisms (83) and at first glance evokes a syndrome of effects
like that elicited by reserpine. However, the similarity is deceiving; a less
superficial comparison scon showed that it is not easy to find two compounds
less alike in their central actions. Pharmacological evidence that reserpine
action in brain is not caused by catecholamines deficiency.

If reserpine acts through a deficiency of brain NE, then it should affect
central adrenergic mechanisms. For example, a substance like chlorpromazine
that dampens central adrenergic activity also decreases central sympathetic
output. At one time both drugs were thought to depress central sympathetic
activity, but Bogdanski ez al., in our laboratory demonstrated that the two drugs
exert entirely different actions on central autonomic activity (84). These con-
clusions are based on the demonstration that the effects of reserpine and
tetrabenazine on pupillary size, salivation and lacrimation are due to an increased
central parasympathetic activity, while the autonomic effects of chlorpromazine
are due largely to decreased sympathetic output. Similar conclusions have been
expressed by Vogt (85).

The reserpine-induced decrease in sympathetic tone is a peripheral action
owing to depletion of NE from peripheral sympathetic neurons (65,78). In cont-
rast, tetrabenazine does not empty the NE stores from peripheral nerves and
does not lower sympathetic tone.

Clear-cut evidence that reserpine does not lower sympathetic activity has
been provided by studies which show that reserpine does not lower the fre-
quency of nerve impulses along preganglionic sympathetic fibers (70,71). In
fact, the frequency of nerve impulses seems to be increased(71). As additional
evidence that reserpine can increase sympathetic outflow in rabbit (33) and cat
(86) is the centrally mediated stimulation of the adrenal medulla induced by
the alkaloid. These results place the primary site of altered sympathetic
activity squarely on the peripheral sympathetic system.

The altogether different electrophysiological effects produced by reserpine
and chlorpromazine indicate that the drugs elicit sedation by different mechani-
sms. Chlorpromazine suppresses the effects of sensory stimuli on the reticular
activating system, perhaps by blocking the action of NE (87); in contrast,
reserpine in doses that prevent storage of brain NE causes a continuous alert

pattern, possibly due to uncontrolled release of NE onto reactive sites in the
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reticular formation (88,89). Perhaps the most significant difference in the electro-
physiological effects of the two drugs is the highly specific action of reserpine
in lowering the threshold of excitability of the amygdala to electrical stimulation
(80,91). This activation of the limbic system may be an important clue to the
mechanism by which reserpine reduces the intensity of emotional behavior.

Perhaps the most decisive difference between the effects of reserpine and
<chlorpromazine on central adrenergic mechanisms is disclosed by their effects on
temperature regulation. Rats pretreated with chlorpromazine cannot regulate
their temperature in the cold and after 2 hours at 2°C, body temperature rapidly
declines to about 16°C. Chlorpromazine appears to inhibit central adrenergic
systems which control mechanisms that conserve and generate heat. In contrast,
if rats are given reserpine in doses that completely deplete body NE stores (but
not those in the adrenal medulla) and then placed in the cold, the temperature
declines only a few degrees over a period of several hours (92).

Physicochemical evidence that reserpine action in brain is not caused by a
catecholamine deficiency '

Since reserpine, unlike chlorpromazine, does not lower sympathetic output it
must be assumed that despite loss of NE stores, the free amine is still present
at reactive sites. Can this view be supported on kinetic grounds? First we must
remind ourselves that a large number of studies show that reserpine produces

Table 2
Pharmacological Effects and Brain Amine Levels after Various
Doses of Reserpine in Rabbits

Reserpine

5HT NE .
gn‘;g,/kg 9% of controls |9 of controls Pharmacological Effects
0.25 60 68 Miosis, enhanced light reflex
0.50 42 53 Above effects+4-diarrhea, )

i lack of exploratory activity
blepharospasm, decreased
response to auditory
stimuli, decreased resist-
ance to handling

1.00 30 25 i::we effffects+f1dyna;n1a
ove effects4-loss o
1.50 18 12 fighting reflex

pronounced sedation in doses that lower brain NE by omly about 55%. Table
2 lists central effects and brain amine levels four hours after administration of
various doses of reserpine to rabbits. The results show that profound central
effects are induced by doses much smaller than those needed to completely
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deplete NE stores. Similarly in mice, as discussed later, a distinct central
action is obtained with doses that lower amines by only 55%. This point cannot
be stressed too strongly since the hypothesis of NE deficiency implies, as stated
by Carlsson (70), that each of the catecholamines may explain the central action
-of reserpine. On functional grounds it is difficult to conceive of a NE deficiency
if 509 of stored amines are still available. For example, lowering of NE stores
in peripheral nerve endings to 20% of normal does not decrease sympathetic
tone nor the response to nerve stimulation (93).

On relating brain amine levels to sedation it becomes obvious that reserpine
action is not caused by a deficiency of NE (Fig.2). If sedation were due only
to a decrease in brain NE, then sedation should persist until the brain level of
NE returns to 50% of normal. This is not the case. Four hours after a large
«dose of reserpine (2 mg/kg i.v.) rabbits are heavily sedated and brain stores of

Fig. 2. In ordinates: -at left concentrations of reserpine (y/g); at right y/g of 5HT
and NE in rabbit brain at various times after reserpine (5 mg/kg i.v.).
Reserpine broken line and solid circles, monoamines solid line and open circle.
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HOURS AFTER RESERPINE
both NE and 5HT have declined to less than 10% of normal (Fig. 2). In 35 hours
when the amine levels are still only 20% of normal, the animals are no longer
sedated. These results indicate that the central actions of reserpine are not
caused by a deficiency of NE or for that matter of 5HT either.

Since the action of reserpine is not related to the loss of stored S5HT or
catecholamines, is the action related to the amines in some other way? As
discussed previously, since reserpine interferes with storage and not with the
formation of monoamines, the decline in brain levels is proportional to the
inhibition of storage and consequently a measure of the uncontrolled release of
newly-formed amines.

The greater the uncontrolled release, the better the chance that sufficient free
amines will reach the reactive sites. On this basis, only when storage of 5HT is
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blocked by 50% is there enough uncontrolled release of the amine to stimulate:
the reactive sites.

Returning to Fig. 2, why do animals recover in 36 hours when the SHT
level in brain is still only 209 of normal? The clue to this question is.
provided by the changing shape of the curve which suggests that storage
processes are recovering, and now can take up enough of the newly-formed
amine to lower the amount of free 5HT at active sites. Two pieces of evidence
favor this interpretation. First, treatment with reserpine once again depletes,
brain 5HT and elicits profound sedation; second, preliminary experiments show
that storage sites are now able to take up exogenous amine. But irre-
spective of the actual mechanism of reserpine-induced sedation, it is difficult to
explain it on the basis of catecholamine deficiency.

Selective blockade of catecholamine storage

Until the question is settled whether or not reserpine action is mediated
through deficiency of NE, it is difficult to carry out constructive investigations
on the role of 5HT in brain. Because of the importance of resolving this matter,
we have now taken a new approach. A priori one event can be proposed as the
cause of another only if there is a clear-cut correlation between the two events.
Hence, we have tried to establish whether the action of reserpine is correlated
to the change in NE or to the change in 5HT. For these studies we now have
drugs that differentially block one of the storage processes.

When we learned that the compound «-methyl-m-tyrosine (27,28,29) (here-
after referred to as MMT) releases brain NE without affecting 5HT it seemed to
us that studies with this substance might finally decide the question of whether
depletion of NE stores causes sedation. The closely related analogue, a-methyl
DOPA (26), also releases NE but the action of MMT is more specific since
the large doses of «-methyl DOPA needed to deplete NE stores in rabbits
and mice, also deplete considerable amounts of 5HT and elicit sedation (94).

To appreciate the physiological implications of the studies with MMT it
should be borne in mind that the dopamine and NE content in brain are about
equal, dopamine is localized almost completely in the corpus striatum (13,95).
Only traces are present in brain stem where it probably functions only as a
transient precursor of NE (95). Consequently, those behavioral effects caused
by action of reserpine on brain stem or limbic system are unlikely to be asso-
ciated with changes in dopamine.

The effects of MMT were determined in the brain stem of rabbits and the
whole brain of mice. In the rabbit MMT (100 mg/kg) exerts striking action.
With only a small transient decline in the SHT level it produces a depletion of
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«catecholamine stores which is still complete after 7 days. Despite the loss of
.catecholamine stores, the animals show none of the central effects associated
with reserpine. Table 3 illustrates the high selectivity of MMT in releasing NE
‘in rabbits. Doses as low as 10 mg/kg release brain NE stores almost completely
‘without appreciably affecting those of 5HT. A dose of MMT 40 times this
threshold dose lowers brain 5HT by only 35%. Even at the larger doses the
:animals display no overt sedation.

Table 3
NE and 5HT Stores of Rabbit Brain Stem 13 Hours after
Various Doses of MMT

MMT Loss of SHT Loss of NE
mgfkg i.v. .
10 none 75%
25 none complete*
50 none complete
100 259% complete
400 352 complete

* The fluorescent reading is about 109 of control values, but it is
known that much of this is due to tissue blank.

In mice the action of MMT is considerably less prolonged than in rabbits.
_Administration of the compound (160 mg/kg i.v.) causes only a transient decline
-in brain 5HT level but depletes brain NE stores almost completely for 24 hours.
“Within 36 hours however, the levels have risen perceptibly.. Dopamine stores

—-— 5HT
2 ——=NE I
= —— DOPAMINE
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“Fig. 3. Levels of amines in mice brains 4 hours after the intravenous admini-
stration of various doses of MMT. Vertical bars represent the range
of values in 4 experiments. Each point represents the mean of at least
4 experiments. For assay of NE and 5HT content, brains of 6 animals
were pooled; for assay of dopamine 14 animals were pooled. Amine
control levels (mean of 20 experiments) were : 5HT 0.54 /g ; NE
0.47 y/g; dopamine 0.52 +/g.
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are also depleted but in 10 hours have returned to 509% of normal. Despite
“the decrease in brain catecholamine stores, the animals show no sedation
or other effects associated with reserpine. The effects of various doses of MMT
are shown in Fig. 3. After doses of 40 mg/kg the catecholamines are depleted.
with little effect on 5HT, as little as 20 mg/kg almost completely releases NE
and part of the dopamine.
The decline in brain NE induced by MMT does not result from inhibition:
of catecholamine synthesis but through inhibition of the storage processes (96,.
97,98) the action of MMT effect is not a direct one since it does not occur when
its decarboxylation is prevented*. The blockade of storage is caused by the:
smail amount of the decarboxylated product, o-methyl-m-tyramine formed in
brain. About 309 of this compound is oxidized to the B-hydroxy derivative.

" GH i} Hs HY CHs
H-C-C-NH, H-C-C-NH, H-C~C-NH
COOH i H

—_— —_—
OH OH O

Both products exert relatively little sympathomimetic activity, btt are extremely
potent in blocking NE storage, the hydroxylated product keing 10 times more
active than «-methyl-m-tyramine.

Blockade of NE storage has been demonstrated in studies which show that:
the synthesis of brain catecholamines is’ unimpaired (98). In addition Hess ez
al. have shown that MMT impairs the uptake of exogenous NE by the heart.
(98). One is certainly tempted to conclude that if MMT completely depletes.
brain NE stores without producing sedation, then the sedation induced by
reserpine is not due to loss of NE storage. However, a staunch defender against.
this latter view might hold out with the hypothesis that sedation would have:
been observed had it not been masked by the action of MMT metabolites
(a-MMTyramines). Dr. Carlsson has made the resourceful proposal that the:
a-MMTyramines formed from MMT replace catecholamines in storage sites and
then act like the neurohormones (99). As we interpret this view, the catechol-
amines are not reledased by direct inhibition of storage processes, but are displaced
by ersatz molecular counterparts matched so perfectly that they assume the:

* The compound N-(3-hydroxybenzyl)-N-methyl-hydrazine, supplied by courtesy of Dr.
E.M. Bavin of the Smith and Nephew Research, Ltd., Ware Herts, England, was used
to block MMT decarboxylation. In mice pretreated with the inhibitor threshold.
doses of MMT fail to release heart catecholamines (97).
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functions of NE and dopamine. This idea would explain why depletion of brain
catecholamines by MMT does not cause sedation (or excitation).

There are evident difficulties in explaining how the catecholamines stores in
rabbit brain stem are empty for more than 7 days after a single dose of MMT,
which forms only transient traces of a-MMTyramines. To satisfy the conditions
of the replacement theory, the a-MMTyramines must meet the following re-
quirements: 1) Have an extraordinary affinity for storage sites exactly to replace
the catecholamines; 2) undergo physiological release by the same process that
releases catecholamines ; 3) after physiological release exert a biological activity,
exactly that of catecholamines, despite the fact that the foreign amines peripher-
ally exert a biological activity which is extremely low relative to that of NE and
4) in order to explain the depletion of NE in rabbit brain lasting for 7 days, the:
foreign amines must exert activity without being utilized. In addition, the 2
amines formed from «-methyl-DOPA would also have to meet these exacting
requirements. Reconciling these requirements to the rigid demands of kinetics.
and thermodynamics might be an interesting exercise. Nevertheless, we have
tested the validity of the hypothesis solely on quantitative grounds—are the a-
MMTyramines formed in brain sufficient to balance the loss of catecholamines?
They are definitely not!

We have assayed total ¢-MMTyramines,using a modified procedure described.
for m-tyramine* (99). Both amines are stable in the procedure which accurately
assays as little as 0.05 microgm/amine/gram of brain tissue.

Table 4 compares the depletion of brain catecholamine stores and the con-
centiration of fotal a-MMTyramines in rabbits given MMT (100 mg/kg i.v.).
In 4 and 7 days, when brain stem catecholamine stores are still depleted, no a~
MMTyramines can be detected. These results show a perfect lack of correlation
in catecholamine level and the content of a-MMTyramines. Only during the:
first 2 days do the a-MMTyramines account for an appreciable fraction of the:
missing catecholamines. The caudate nucleus, the region containing the bulk of
the brain dopamine and the highest decarboxylase activity, also contains the-
largest level of o-MMTyramines. But even here, the amount of q¢-MMTyram-
ines is less than the loss of dopamine.

Seven days after injection of MMT, the rabbits were given reserpine

* The amines are extracted from brain homogenate (at pH 10) into butanol. Heptane
is added and the total amines are returned to an aqueous phase as described in the
S5HT method. The individual amines may be separated, if necessary, by shaking the
butanol-heptane phase with buffer - pH 9.3 and pH. 10. The amines are then coupled.
with 2,6-dichloroquinonechlorimide to yield colored substances which are extracted.

into a small volume of butanol and assayed spectrophotometrically.
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(2 mg/kg i.v.). The typical reserpine syndrome was evoked including sedation,
‘blepharospasm, enhanced light reflex and increased parasympathetic output with-
out a concurrent change in brain stem levels of catecholamines (already depleted),
or of a-MMTyramines (which had already disappeared).

We have also carried out studies in mice, the species used by Dr. Carlsson
in his studies of the action of MMT. Table 5 shows the levels of brain cate-
cholamines and total a-MMTyramines in mice given MMT (160 mg/kg i.v.).
In 4 hours when NE and dopamine stores in brain are both emptied, total a-
MMTyramines account for a considerable fraction, about 60%, of the released
catecholamines. However, time-response data shows that in 16 hours NE is still
completely depleted and that dopamine is a little more than 50% of normal, but
the total a-MMTyramines now amount to only 339 of the missing catecholamines;
in 24 hours stores of NE are still depleted but total a-MMTyramines now

Table 5

Comparison betwezn Total ¢-MM Tyramines (MMTA) Level and Loss
of Catecholamines in Brain of Mice given MMT (160 mg/kg i.v.)
Amines calculated as uM/kg

Hours after Loss of catecholamines %\/[MIT A B

MMT NE Dopamine TE‘X? 1 (eg;a A
sM/kg eM/kg uM/kg uM/kg

4 2.4 2.8 5.2 3.2 .61

16 2.4 1.3 3.7 1.2 .32

24 2.4 0.8 3.2 0.7 .22

Each value represents the average of at least 4 experiments.
Brain NE content of controls=2.6 uM/[kg; brain dopamine content 2.9 uM/kg.
Table 4
Comparison between Total «-MM Tyramines (MMTA) and Loss of Catecholamines
in Brain Stems of Rabbits given MMT (100 mg/kg, i.v.)
Amines calculated as pum/kg

Hours after L;‘;s of B B
MMTV catecholamine MMTA levels A
eM/kg uM/kg

48 3.5 1.7 .48

72 3.5 0.8 .23

92 3.5 0.08 .02

168 3.4 0.00 —
192 2.7 0.00 —
288 2.4 0.00 —

Each value represents the average of at least 4 experiments.
Brain stem catecholamines of controls=3. 9 uM/kg.
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account for only 209 of the missing catecholamines. Thus, despite the short
duration of effect on NE storage in mice, measurements at various periods of
time show that total «-MMTyramines account for an appreciable part of the
missing catecholamines for a short time and then disappear at a relatively
rapid rate.

The argument could be raised that the small amounts of a-MMTyramines
formed in brain might, by a direct action, exert a stimulatory effect exactly
balancing the hypothetical sedation produced by the loss of catecholamines.
According to this view, MMT like DOPA. should counteract the effects of re-
serpine. In exploring this possibility we found that if reserpine is administered
to MMT -pretreated mice, it produces the same characteristic reserpine-like
syndrome though the levels of a-MMTyramines are substantially the same in
both groups of animals (Table 6). It may be concluded therefore, that amines

Table 6
Effect of Reserpine Pretreatment 5 mg/kg i.v. on Total -MM Tyramines (MMTA)
in Brain of Mice given MMT (160 mg/kg i.v.)

Brain MMTA
Hours after

MMT Pretreated with Not pretreated
reserpine with reserpine

78 7lg

2 .68 .75

3 .52 .61

5 .23 —

8 .20 .21

18 12 .14

The intensity of reserpine action is unaltered by MMT injection.

Table 7
Change in Brain Amine Levels produced by Reserpine in Mice pretreated MMT with
MMT (160mg/kg i.v) was injected two hours before reserpine
(1.5mg/kg i.v.): animals were killed one hour later.

Amine levels % of mice with
Drugs vlg reserpine syndrome
5HT | NE | Dopamine |MMTA
None .63 .52 A7 .- 0
a-MM .50 .10 .03 .51
a-MMT+Reserpine .24 .10 .01 .42 78
Reserpine .26 A7 .04 .- 84

Reserpine syndrome was evaluated on a quantal basis. The end points were
(1) lack of huddling behavior, (2) lack of exploratory behavior, (3) blepharospasm,
(4) hunched back posture, (5) reduction of respomsiveness to acoustic stimulation.
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formed from MMT do not produce significant central stimulation. These
results also show that unimpaired NE storage sites are not needed to account for
the presence of a-MMTyramines in brain. ,

Perhaps the most conclusive experiments are those showing that reserpine
administered to MMT-treated mice, can produce sedation with mo change in
levels of NE, dopamine or a-MMTyramines. In these studies reserpine was
given to mice treated 2 hours earlier with MMT to deplete brain catecholamine
stores. The mice display the same degree of sedation as animals given reser-
pine alone -although reserpine does not alter the level of any of the amines
except 5SHT (Table 7).

QUANTITATIVE RELATIONSHIP BETWEEN CENTRAL ACTIONS
OF RESERPINE AND BLOCKADE OF 5HT STORES

Experiments with MMT provide additional clear-cut evidence that depletion
of catecholamine stores does not produce sedation or other signs of reserpine
action. We must now look for some other reason for the sedation and other
signs of central reserpine action. Blockade of S5HT storage has not been seriously
considered as the cause of reserpine action because of the failure to find a
normal role for the amine. This might be putting the cart before the horse
for if the central action of reserpine were in fact associated with the change
in brain 5HT then studies of reserpine action might disclose the role of this
amine. Before accepting or rejecting the feasibility of this view, let us see
whether or not the two events——blockade of SHT storage and the central action
of reserpine——show a correlation.

A number of previous studies which need not be discussed in detail have
- described a qualitative relationship between reserpine action and blockade of 5HT
J stores. For example, cold-exposure prevents reserpine from inducing seda-

tion and a decline in brain 5HT without affecting the decline in brain NE
(101,68,96). Again, SU 5171, the dimethylaminobenzoyl ester of methyl reser-
pate almost completely deplete NE stores in doses that do not elicit sedation
or appreciably lower 5HT(69). In addition experiments with tetrabenazine de-
scribe conditions under which NE is almost completely depleted without pro-
ducing sedation (102). A number of times Dr. Kety has suggested to us that
our notions on the role of 5HT have a certain heuristic value but suffer from
the fact that they are presented with accurate analytical data but only indefinite
criteria of central action (103). We have taken this criticism to heart and have
carried out studies in which the central action of reserpine was quantitatively
measured.

The availability of MMT provides a means of making quantitative relation-
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ships. In these experiments mice are pretreated with MMT to eliminate NE
stores from the picture. After 13 hours the animals are given various doses
©of reserpine and changes in brain 5HT are related to the degree of central
activity. This activity is determined by 5 criteria: 1) almost complete immo-
bility and lack of exploratory activity ; 2) lack of huddling behavior ; 3) blepharo-
spasm; 4) hunch-back posture; and 5) almost no response to acoustic and
tactile stimuli. The problem of measuring these criteria is simplified by quantal
analysis of the data: each dose of drug is given to a large number of mice and
the change in brain 5HT related to the central activity expressed as the number
of animals that display all 5 signs. The data in Table 8 shows a close relation-
ship between the degree of central activity and the lowering of brain 5HT and

Table 8
Effects of Various Doses of Reserpine, on Brain Amine Levels and in

causing Reserpine Syndrome in MMT pretreated Mice

Reserpine syndrome

Brain 5HT Brain NE (% of mice)

Dose of MMT pre-| No pre- MMT pre-| No pre- MMT pre-| No pre-
reserpine | treatment | treatment | treatment | treatment treatment | treatment
mg/kg i.p. 7lg 7lg 7lg vlg
0 .59 .63 .09 .52 0 ¢
.6 .43 .43 .05 .24 28 30
1.25 .32 .32 .07 A7 47 50
2.50 .24 .27 .07 13 76 75
5.00 : .18 .19 .05 A1 96 98

Animals were given MMT 500mg/kg i.p. and 13 hours later the animals received
various doses of reserpine. The central effects were noted after 90 minutes and the animals
then killed. Control animals were given reserpine without pretreatment with MMT. Reser-
pine syndrome evaluated as explained in text. Each dose was given to at least 30 mice.

indicate that the degree of reserpine sedation is closely related to the impairment
of 5HT storage. The same results are obtained in normal animals and animals
pretreated with MMT (Table 8) indicating that MMT does not affect the re-
sponses to reserpine.

Additional quantitative data relationships between the degree of central activ-
ity and impairment of 5HT storage was also obtained using three different
reserpine-like drugs : reserpine itself, which acts nonreversibly and exerts effects
persisting long after the drug disappears from the body (52): SU 9064, the
methyl ether of methyl reserpate which exerts effects that are dependent on its
tissue concentration (57): and RO 4-1284, a synthetic short acting benzoquino-
lizine, which also appears to be reversibly-acting (58). The results in Table 9
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shows the doses of the drug that produce all 5 central signs of reserpine activity
in 509 of the animals. For each drug this dose lowered 5HT stores by 55%.
These results show that despite different structures and durations of action the.
central activity of the three drugs is closely related to the impairment of brain
5HT stores.

Table 9 ,
Doses (ED,,) of Various Drugs producing in Mice Reserpine Syndrome
and reducing 5HT Storage by 55%

ED;,
5HT Release Syndrome of Effects
mg/kg mgfkg
Reserpine 42 (.45-.39) .43 (.58-.32)
SU 9064 5.8 (9.3-3.6) 8.0 (9.4-6.8)
RO 4-1284 2.6 (4.4-1.5) 4.2 (5.7-3.1)

Animals killed 90 minutes after reserpine and SU 9064 and 25 minutes after RO
4-1284. Central action evaluated on quantal basis from number of animals at each dose
that showed all 5 criteria (see text). Effects on brain 5HT storage calculated from number
of animals showing the same decline (55%) of brain 5HT. Values in parenthesis represents.
fiducial limits (P=.001).

Time-course responses also indicate that reserpine action is related to the
impairment of 5HT storage. In rabbits, for example, a single dose of reserpine:
(2 mg/kg) produces depression which lasts for about 30 hours. At this time the
capacity of tissues to store S5HT is partly restored and the amine levels have
started to rise toward the normal value (66,67).

In cats, the depression produced by a single dose of reserpine(3 mg/kg)lasts
over 10 days. Again the recovery of the animals coincides with the recovery of
S5HT storage sites and a gradual rise in the 5HT level (102). In contrast, the
sedation induced by a dose of Ro 4-1284 lasts only a few hours. Again the
recovery of the animals coincides with recovery of SHT storage (105).

The studies cited above indicate that the central action elicited by reserpine
and reserpine-like compounds is closely correlated with the impairment of 5HT
storage in brain. Although it is appropriate to point out that an association
between two events, sedation and blockade of 5HT storage, merely shows that
a causal relationship is possible, nevertheless, the demonstration of this correla-
tion removes a psychological barrier to exploring the feasibility that studies with
reserpine might disclose important clues to the role of 5HT in brain.

A lifetime could be spent trying to surmount every possible argument against.
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‘the view that reserpine does not act through a NE deficiency. It seems more
rewarding and certainly less discouraging to approach the problem in a positive
way by trying to link the uncontrolled release of S5HT with the psychological,
-physiological, electrophysiological and biochemical changes elicited by reserpine.

OPPOSITE ACTIONS OF NE AND 5HT ON ACTIVE SITES

A number of writers have presented the concept that primitive patterns of
‘behavior are controlled by neuronal networks exerting opposite effects and that
‘these systems integrate autonomic function with primitive patterns of behavior.
According to this concept, one system (ergotropic predominance-Hess) promotes
-expenditure of energy by integrating patterns of behavior which prepare the body
for positive action (77). Increasing the activity of this system elicits arousal,
increases central sympathetic output, mobilizes substrates for energy utilization,
increases motor activity and results in exaggerated responses to environmental
.change. We have postulated that this system might be modulated by NE (5).
The other system, normally recessive, integrates behavioral patterns which are
recuperative in nature. This system is presumably predominant in sleep and
hibernation. Increasing the activity of this system (trophotropic predominance-
Hess) elicits drowsiness and sleep, increases central parasympathetic output,
decreases motor activity and lowers responsiveness to external stimuli. 5HT
"has been suggested as the modulator for this system (1). To function in this
way, the two amines at their sites of action, should exert effects of an opposite
nature.

Effects of Brain Amines Selectively Released after MAO Blockade :
a) Selective Release of NE after MAO Blockade :

If MAO is blocked and NE is selectively released, the amine, highly polar,
‘will be relatively immune from enzymic inactivation and will be trapped in the
brain by the blood-brain barrier. The high concentration of the amine at its
active sites should now exaggerate the physiological function of the catechol-
‘amine.

Mice were treated with the MAO inhibitor MO-911 and 12 hours later brain
-catecholamine were released by the administration of MMT (30 mg/kg i.v.).
The high level of NE available to receptor sites (Fig. 4) results in a remarkable
effect on the mice. They behave as though they had been given a super-active
amphetamine-like drug. Apparently well-coordinated, they dart at high speed
from one side of the cage to the other for a period of 2 hours or more. The
-relative degree of motor activity in individual animals was measured by taking
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20 camera shots per minute on a single film and counting the images in the
picture. The hypermobility was found to be at least 10 times greater than that
elicited by 5 mg/kg of d-amphetamine. The animals also show other effects
associated with stimulation of adrenergic centers including extreme exophthal-
mos, hyperthermia and an exquisite sensitivity to noise or touch.

These results suggest that the free NE has raised the tone of neuronal
pathways associated with central adrenergic mechanisms.

A =MAQ inhibitor+odl MMT
(mice very excited)

B =MAQ inhibitor +reserpine

NE 50% 50% 33% . (mice excited)
Dopamine 50% 50% 67% C =olMMT + MAQ inhibitor +
reserpine
1.00F l l l (mice normal )

B

A B
st 7 7 e

0.50r

/

0.25F C A

%
éﬁ D__J

CATECHOLAMINES S5HT

Fig. 4. 5HT and catecholamines (NE+4-dopamine) released and stabilized by
various manipulations as described in detail in the text.

To remove the possible objection that a-MMTyramines or any other metab-
olites of MMT might participate in producing the excitation, the mice were
first treated with MMT (500 mg/kg i.p.) to deplete brain NE stores and 18 hours
later given the combination of MO-911 and MMT. No excitation occurs despite
the presence of the same amount of a-MMTyramines as in the excited animals
which had not been pretreated with MMT. These results indicate that the
remarkable behavioral effects induced by MAO inhibitor and MMT results from
free NE.

BRATN MONOAMINES
RELEASED AND STABILIZED (¥/2)

b) Release of both NE and 5HT after MAO blockade :

Both amines are released by treating mice with the MAO inhibitor followed
by reserpine. Since the amines were protected against inactivation they are
available in high concentration at their active sites. The well-known increased
motor activity elicited by this drug combination occurs, but its intensity is about
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one-tenth of that evoked by the MAO inhibitor and MMT, as measured by the
above-mentioned camera technique. These results suggest that hyperexcit-
ability elicited by free NE is counteracted in part by the action of free S5HT
(Fig. 4).

¢) Selective Release of SHT after MAO blockade :

Mice were first treated with MMT to deplete the brain NE stores. After
13 hours the animals were treated with the MAO inhibitor followed by reserpine.
As shown in Fig. 4, the free S5HT is immune to enzymic inactivation. The
animals are not excited ; some are even slightly sedated for a short time, though
obviously less so than animals given reserpine alone. These results indicate
that 2 high level of free 5HT, selectively released from its normal sites of for-
mation, does not provoke excitation.

The physiological effects of selectively released monoamines at. their sites of
action have furnished presumptive evidence that NE and 5HT have different
physiological functions. First, free NE produces an intense exaggeration of a.
syndrome superficially similar to that elicited by DOPA and amphetamine and
reminiscent of that described by Hess for a highly activated ergotropic tone.
Free NE and 5HT together elicit a much less intense excitation. It is tempting
to consider that these results might reflect an action of the two amines on
opposing systems. A crucial demonstration of whether NE and 5HT act in
opposite ways might be the production of profound sedation by the selective
release of 5HT. Unfortunately, it has not been possible thus far to trap only
free 5HT in brain. In experiment ¢, the blockade of MAO also causes accumu-
lation of some free dopamine and NE (Fig. 4). However, the results do show
that free 5HT, released from its normal storage site, does not as often sug-
gested, produce excitation.

A SPECULATIVE SUMMARY

An understanding of the role of brain NE and 5HT is particularly difficult
since we do not know whether to attribute a transmitter role to the amines or
to regard them as substances which modulate the action of the actual frans-
mitters.

The presence of NE in peripheral sympathetic ganglia enabled us to study
its interplay with acetylcholine in synaptic transmission by comparing the post-
~ ganglionic evoked potentials before and after producing a deficiency of free NE
in ganglia by means of reserpine or bretylium. A striking indication was ob-
tained that acetylcholine acts on ganglionic chromaffin tissue to release NE. The
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liberated amine appears to modulate transmission perhaps by hyperpolarization
of the postsynaptic membrane, or by depression of acetylcholine release to
dampen the action of acetylcholine and buffer wide fluctuations in sympathetic
activity.

Monoamines might also serve as modulators of synaptic transmission in
brain. For instance, there is evidence that NE is not a transmitting agent of
the reticular activating system, but may modulate the actual transmitter when
it is released from afferent collaterals. Chlorpromazine in turn probably blocks
this activating effect of NE on the reticular activating system.

Similarly Revzin ez al. (105) have suggested that 5SHT modulates the action
of acetylcholine in the limbic system, a brain region containing large amounts of
S5HT and little NE. These workers have shown that the degree to which S5HT
storage is blocked in that the amygdala system is closely related to behavioral
changes and to increased excitability of the limbic system. A single large dose
of reserpine depletes stores of 5HT in the cat for 10 days or more and produces
sedation that lasts for the same psriod of timz as the alteration in limbic system
excitability. In contrast, the bznzoquinolizine Ro 4-1284 blocks 5HT storage for
a few hours only and causes sedation and limbic system excitation that are cor-
respondingly. short-lasting.

The action of reserpine is the first bioelectric phenomenon in brain that is
associated with changes in brain 5HT. It is particularly pertinent that the
limbic system is not affected by MMT which completely depletes stores of brain
catecholamines. However, on treatment of the MMT-pretreated animals with
Ro 4-1284 or reserpine, the usual effect on behavior and on the limbic system
is obtained.

These results are a background for McLean’s (106) observations that the
direct application of carbachol to the hippocampus of cat evokes electrical sei-
zures and physiological effects which correspond to those produced by reserpine:
sedation, lack of spontaneous movement, disinterest in various stimuli, and a
rage-like response to painful stimuli. McLean postulates that carbachol excites
hippocampal pathways by mimicking the action of acetylcholine. The results
of Revzin ez al. suggest that 5HT modulates the action of acetylcholine on the
limbic system. These workers postulate that this action of reserpine may be
largely responsible for lowering the intensity of emotional responses.

One is struck by the common theme of conservation and restoration in the
processes set in motion by the action of reserpine-like drugs. (Tetrabenazine
is actually a batter prototyps since it dozs not lower sympathetic tone by

depleting NE stores at peripheral nerve endings). Reserpine produces a sleep-
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like state, in some respects similar to that of natural sleep, with active closure
of the eyelids and an increased parasympathetic output. The action does not
involve suppression of incoming stimuli, but seems to be an active process su-
perimposed on normal function. The drug reduces the heart rate thereby
economizing its energy and protecting it from damage in addition there is a
conservation of energy from lowered respiration. Additional saving of energy is
achieved by the lowering of muscle tone, spontaneous movements and reactions
‘to stimuli. Even such effects as lacrimal secretion and salivation are protective
in nature and the increased intestinal activity is also part of restorative processes.

Chlorpromazine elicits somewhat similar effects, but in a far different way.
’ 'This drug does not actively promote restorative: processes but shuts down func-
tions which are coupled with energy expendlture Thus arousal reactions and
increased motor activity is inhibited by disjunction of the usual connections
between incoming stimuli and reticular activating system. Aa a result energy-
utilizing processes elicited by sympathetic activity are lowered by a central
action.

The difference in the action of the two compounds is dramatically shown
by effects on energy utilization. In this laboratory we have compared the action
of the two drugs in rats exposed to a low temperature. At 2°C, chlorpromazine
.completely shuts down both processes that conserve heat and that mobilize
energy substrates which are nesded to maintain a temperature gradient of 40°C.
As a result, body temperature rapidly plummets to 16°C and the animals
die. This is due to the blocking of central adrenergic mechanisms since
‘the same results are elicited by ganglionic blocking agents and by removal of
catecholamines from the adrenal gland and from the per1phera1 nerve endings.
Indeed we have shown that free fatty acids can be mobilized from adipose tissue
only through a centrally mediated sympathetic stimulation.

Tetrabenazine, or reserpine in doses that do not deplete medullary catechol-
amines, elicit a quite different effect. Exposure of rats to 2°C also elicits a drop
in temperature but this is slow, about 10°C over a period of 7 hours. The
mobilization of energy substrates is not inhibited, instead the utilization of energy
by body tissues is drastically decreased. In some way thyroid action is blocked
but not by a direct action on the gland but by events occurring in the tissues.

These results give food for thought since they indicate that chlorpromazine
acts on central mechanisms that are oriented towards patterns of behavior which
utilize oxidative metabolism and require energy; while in contrast reserpine
stimulates pathways which provide for protection and promote restorative

-processes.
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Kataoka K. & Shinagawa J.) 194(4825) 286-287, 1962 )
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Proteins of central nervous origin present in cerebrospinal fluid (Dencker Sven
J. & Bengt Swahn) 194(4825) 288-289, 1962

Action of 3-hydroxytryramine and some iryptamine derivatives on spinal neu-
rones (Curtis D.R:) 194(4825) 292, 1962

Interference of cholorpromazine with metabolism of aromatic amino-acids in rat
brain (Gey K.F. & Pletscher A.) 194(4826) 387-389, 1962

Tryptamine and serotonin receptors (Prof. Woolley D.W. & Prof: Shaw E.; Vane
J.R., Collier H.O.J., Corne S. J., Marley E. & Bradley P.B.) 194(4827) 486-
487, 1962

Intracellular localization of catecholamines in tissues of the rat (Potter L.T. &
Axelrod J.) 194(4828) 581-582, 1962

Potentiation of narcotic action by the brain treated with an electric shock (Cerletti
U., Prof. Cerletti P.& Carmine d’Angelo) 194(4828) 582-583, 1962

Proe. Soc. exp. Biol. (N.Y.)

Use of an antiserum against cerebrospinal fluid in demonstration of trace pro-
teins in biological fluids (Hochwald G.M. & Thorbecke G.J.) 109(1) 91-95, 1962

Mechanism of the antidiuretic action of reserpin (Khazan N., Adir J., Pfeifer
Y. & Sulman F.G.) 109(1) 32-35, 1962

Chlorpromazine inhibition of the positive intermediary potential (Krivoy W.A.
& Kroeger D.C.) 109(1) 30-32, 1962

Serum enzyme studies in muscular dystrophy. Serum malic dehydrogenase,
5-nucleotidase and adenosinetriphosphatase. (Chowdhury S.R., Pearson C.M.,
Fowler W.W. Jr. & Griffith W.H.) 109(1) 227-230, 1962

Arch. Biochem. Biophys.

o-Peptides of glutamic acid and some of their properties (Burkhardt H. & Mitch-
ell H.K.) 94(1) 32-34, 1961

Effect of dietary phenylalanine and tryptophan on brain serotonin (Wang H.L.,
Harwalkar V.H. & Waisman H.A.) 97(1) 181-184, 1962

Biochem. biophys. Res. Comm.

Phosphofructokinase and the Pasteur effect (Passonneau J.V. & Lowry O.H.)
7(1) 10-15, 1962

A nanomole adaption of the automatic amino acid analysis according to Spack-
man, Stein, and Moore (1958) (Kirsten E. & Kirsten R.) 7(1) 76-81, 1962
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Gas chromatography of phenylthiohydantoin and dinitrophenyl derivatives of
amino acids (Pisano ].J., Vanden Heuvel W.J.A. & Horning E.C.) 7(1) 82-86,.
1962

Isolation and molar activity of human bradykinin (Hamberg U.) 7(2) 95-100, 1962

Occurrence of ‘desmosterol in developing rat brain (Kritchevsky D. & Holmes.
W.L.) 7(2) 128-131, 1962

Gamma-aminobutyric acid distribution in the lobster nervous system: CNS,
peripheral nerves and isolated motor and inhibitory axons (Kravitz E.A. Potter
D.D. & van Gelder N.M.) 7(3) 231-236, 1962

A constant-proportion group in the enzyme activity pattern of the Embden-
Meyerhof chain (Pette D., Luh W. & Th. Biicher) 7(6) 419-424, 1962

Comparable and specific proportions in the mitochondrial enzyme activity pattern

(Pette D., Klingenberg M. & Th. Biicher) 7(6) 425-429, 1962

Proportions of mitochondrial enzymes and pyridine nucleotides (Klingenberg M.
& Pette D.) 7(6) 430-432, 1962

Biochem. J.

Enzymic hydrolysis of triphosphoinositide by ox brain extracts (Thompson W.

. &+Dawson R.M.C.) 83(1) 5pf6p, 1962 T

The effect of anti-depressive drugs on the phosphate metabolism of rat brain ir
vivo (Petten G.V. & Lewis J.J.) 83(1) 13p-14p, 1962

Neutral proteinases in the lens (Waley S.G. & Heyningen R.V.) 83(2) 274-283,
1962

Substances with acetylcholine activity in normal rat brain (Hosein E.A., Proulx
p. & Ara R.) 83(2) 341-346, 1962

Biochim. biophys. Acta

Physicochemical properties of rat-kidney and rat-brain deoxyribonucleic acid
preparations (Kit S.) 51(1), 198-200, 1961

Phospholipid content of subcellular fraction in adult rat organs (Biezenski J.J. &
Spaet T.H.) 51(2) 221-225, 1961

The role of glutamic dehydrogenase in glutamate oxidation by plant mitochondria
(Das H.K. & Roy S.C.) 51(2) 378-380, 1961

The structures of beef-brain phosphoinositides (Ellis R.B. & Hawthorne J.N.)
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51(2) 385-387, 1961

Succinic semialdehyde dehydrogenase: purification and properties of enzyme from
monkey brain (Albers R.W. & Koval G.].) 52(1) 29-35, 1961

The effect of central nervous system agents on rat-brain ry-aminobutyric acid
level (Ferrari R.A. & Arnold A.) 52(2) 361-367, 1961

Preparation from mammalian brain and kidney of the enzyme system involved
in active transport of Na+ and K+ (Skou J.C.) 58(2) 314-325, 1962

Hoppe-Seylers Z. physiol. Chem.

Uber die Aldehyde aus den Gehirnen verschiedener SHugetiere (Debuch H.)
327(2/6) 65-73, 1962

J. Cell Biol.

Structural identification of twitch and slow striated muscle fibers of the frog
(Peachey L.D. & Huxley A.F.) 13(1) 177-180, 1962

A Kinetic study of the neuron-glia relationship (Hyden H. & Lange P.W.)
13(2) 233-237, 1962

J. Histochem. Cytochem.

‘On some mechanisms regulating the chemical activity of the neuron mitochon-
dria (Portugalov, V.V., Dovedova, E.L. & Skrebitsky, V.G.) 10(2) 213-221, 1962

Histochemical reaction of aryl amines with tissue aldehydes produced by peri-
odic and chronic acids (Lillie R.D.) 10(3) 303-314, 1962

Fluorescence of catechol amines and related compounds condensed with form-
aldehyde (Falck B., Hillarp N.-A.,Thieme G. & Torp A.) 10(3) 348-354, 1962

‘On the binding of congo red by amyloid (Puchtler H. & Sweat F.) 10(3) 355-
364, 1962

J. Neurochem.

‘Oxidation of glucose in a mammalian sympathetic ganglion at rest and in activ-
ity (Horowicz P. & Larrabee M.G.) 9(Jan/Feb) 1-21, 1962

«Cholinergic and non-cholinergic nerve endings in rat brain I. Isolation and sub-
cellular distribution of acetylcholine and acetylcholinesterase (De Robertis E.,
Pellegrino de Iraldi A., Rodriguez de Lores Arnaiz G. & Salganicoff L.) 9(Jan/
Feb) 23-35 1962

Amino acid content of monkey brain—I. General pattern and quantitative value
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of glutamic acid/glutamine, gamma-amino-butytic acid and aspartic acid (Singh
- S.1. & Malhotra C.L.) 9(Jan/Feb) 37-42, 1962

Glucose metabolism in brain tissue: The hexosemonophosphate shunt and its
role in glutathione reduction (Hotta S.S.) 9(Jan/Feb) 43-51, 1962

Storage, synthesis and metabolism of monoamines in the developing brain
(Karki N., Kuntzman R. & Brodie B.B.) 9(Jan/Feb) 53-58, 1962

Extraction of complexes from central and peripheral myelin of mna (Wolman
M.) 9(Jan/Feb) 59-62, 1962

Distribution of gamma-aminobutyric acid in the layers of the cerebral and cer-
ebellar cortex. Implications for its physiological role (Hirsch H.E. & Robins
E.) 9(Jan/Feb) 63-70, 1962

The effects of potassium ion concentrations on phosphate metabolism in cerebral
slices (Durell J & Heald P.J.) 9(Jan/Feb) 71-79, 1962

Continuous recording of sodium and potassium ionic activity of blood and brain
in situ (Gotoh F., Tazaki Y., Hamaguchi K. & Meyer J].S.) 9(Mar/Apr)
81-97, 1962

Inhibition by triparanol of cholesterol formation in the brain of the newborn
mouse (Scallen T.J., Condie R.M. & Schroepfer G.J.Jr.) 9(Mar/Apr) 99-103, 1962

The effect of metrazol on the glutamate metabolism of cerebral cortex (Potter
R.L. & Van Harreveld A.) 2(Mar/Apr) 105-112, 1962

Determination of 5-hydroxytryptophan and serotonin (Wiegand R.G. & Scherfling
E.) 9(Mar/Apr) 113-114, 1962

The content of amino acids in the proteins of the developing nervous system of
the guinea pig—II. Cerebral grey matter (Wender M. & Waligéra Z.) 2(Mar/
Apr) 115-118, 1962

Biochemistry of methanol poisoning—V. Histological and biochemical correlates
of effects of methanol and its metabolites on the rabbit retina (Kini M.M.,
King D.W.]Jr. & Cooper J.R.) 9(Mar/Apr) 119-124, 1962

Purification and some properties of a second brain diaphorase (Harper E. &
Strecker H.J.) 9(Mar/Apr) 125-134, 1962

Décarboxylase glutamique et hydrozones de phospho-5-pyridoxal (Gonnard P. &
Fenard S.) 9(Mar/Apr) 135-142, 1962

Free amino acids in brain and liver of deoxypyridoxine-treated mice subjected
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to insulin shock (Massieu G.H., Ortega B.G., Syrquin A. & Tuena M.) 9(Mar/’
Apr) 143-151, 1962

The distribution of proteolipids in the human nervous system (Amaducci L.):
9(Mar/Apr) 153-160, 1962

. The disposition of (C) amphetamine in rat brain (Young R.L. & Gordon M.W.)>
9(Mar/ Apr) 161-167, 1962

A cytochemical study of the localization of carbonic anhydrase in the nervous
system (Giacobini E.) 9(Mar/Apr) 169-177, 1962
A mapping of oxidative enzymes in the human brain (Friede R.L. & Fleming:

L.M.) 9(Mar/Apr) 179-198, 1962

The brain barrier system—III. The efflux of intracerebrally administered am-
ino acids from the brain (Lajtha A. & Toth J.) 9(Mar/Apr) 199-212, 1962

Effect of alpha-particle irradiation on brain glycogen in the rat (Wolife L.S.,.
Klatzo, 1., Miquel J., Tobias C. & Haymaker W.) 9(Mar/Apr) 213-218, 1962

Die Wirkung von Morphin und N-Allyl-3-oxymorphinan einzeln und in Kom-
bination auf einige Funktionen und Metaboliten des Gehirns weisser Miuse-
(Estler C.-J. & Heim F.) 9(Mar/Apr) 219-225, 1962

Enzyme localization in rabbit cerebellum and effect of post mortem autolysis.
(Lazarus S.S., Wallace B.]., Edgar G.W.F. & Volk B.W.) 9(Mar/Apr) 227--
232, 1962 '

Histochemistry of myelin—IV. Aminopeptidase activity in CNS and PNS:
(Adams C.W.M. & Glenner G.G.) 9(Mar/Apr) 233-239, 1962

. Bicchem. Pharmacol.

In vivo-inhibition of serotonin synthesis in mouse brain by B-phenylethylhydra--
zine, an inhibitor of monoamine oxidase (Dubnick B., Leeson G.A. & Phillips
G.E.) 11(Jan)45-52, 1962

Biochemical properties of N-benzyl-N’-iso propylhydrazine (Weikel J.H. Jr. &:
Salmon J.E.) 11(Fed) 93-99, 1962

The influence of pH on serotonin metabolism by rat tissue homogenates (Ho--
rita A.) 11(Feb) 147-153, 1962

The depleting effect of vincamin on the cerebral serotonin level (Gorsg P. &:
Szporny L.) 11(Feb) 165-166, 1962

Tiansport of organic acid dyes by the isolated choroid plexus of the spiny dogfish.
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S. Acanthias (Rall D.P. & Sheldon W.) 11(Feb) 169-170, 1962
.J. Pharmacol. exp. Ther.

“The inhibition of rat brain cholinesterase after administration of the dimethyl-
carbamates of deoxy-demethyl-lycoramine, neostigmine or physostigmine (Irwin
R.L. & Hein M.M.) 136(1) 20-25, 1962

“The effect of certain psychotropic drugs on the urinary excretion of 3-methoxy-
4-hydroxymandelic acid in man (McDonald R.K. & Weise V.K.) 136(1) 26-
30, 1962 :

~Changes in spider webs brought about by mescaline, psilocybin and an increase
in body weight (Christiansen, A., Baum R. & Witt P.N.) 136(1) 31-37, 1962

-Subjective effects of heroin and morphine in normal subjects (Smith G.M. &
Beecher H.K.) 136(1) 47-52, 1962

~Objective evidence of mental effects of heroin, morphine and placebo in normal
subjects (Smith G.M., Semke C.W. & Beecher H.K.) 136(1) 53-58, 1962

“Differential antagonism by BAS-phenol of responses to the indolealkylamines
(Bunag R.D. & Walaszek E.J.) 136(1) 59-67, 1962

“The depletion of norepinephrine stores in the heart of the dog by reserpine-type
alkaloids (Liebman J., Muskus A.J. & Waud D.R.) 136(1) 75-79, 1962

“Effect of o-methyl-3,4-dihydroxyphenylalanine (methyldopa), reserpine and re-
lated agents on some vascular responses in the dog (Stone C.A., Ross C.A.,
Wenger H.C., Ludden C.T., Blessing J.A., Totaro J.A. & Porter C.C.) 136(1)
80-88, 1962 ’

»Species differences in the cardiac effects of a monoamine oxidase inhibitor (Gold-
berg N.D. & Shideman F.E.) 136(2) 142-151, 1962

.An experimental study of the participation of the sympathetic nervous system
in the lysergic acid diethylamide (LSD) in cats (Elder J.T.Jr. & Dille J.M.)
136(2) 162-168, 1962

“Effect of dietary phenylalanine and tryptophan upon rat brain amine levels
(Green H., Greenberg S.M., Erickson R.W., Sawyer J.L. & Ellison T.) 136(2)
174-178, 1962

_Brain 5-hydroxytryptamine and anticonvulsant activity (Anderson E.G., Marko-
witz S.D. & Bonnycastle D.D.) 136(2) 179-182, 1962

"Distribution of N-C4-methyl labeled morphine : I. In central nervous system of
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nontolerant and tolerant dogs (Mulé S.]. & Woods L.A.) 136(2) 232-241, 1962

Distribution of N-Cl4-methyl labeled morphine: II. Effect of nalorphine in the
central nervous system of nontolerant dogs and observations on metabolism
(Mulé S.)., Woods L.A. & Mellett L.B.) 136(2) 242-249, 1962

Psychopharmacol.

Die Beziehungen von Lernvermdgen und Spontan motilitst alternder Ratten.
unter Behandlung mit Natrium-Pentamethylenhydroxybutyrat (Dentzer G. &
Herrmann M.) 2(6) 408-415, 1961

Tryptamin-Katatonie, eine cholinergische Hypofunktion im zentralen Nerven-
system (van Andel H. & Ernst A.M.) 2(6) 461-466, 1961

Cross tolerance befween mescaline and L,D-25 with a comparison of the mescaline:
and L,D reactions (Wolbach A.B.Jr., Ishell H & Miner E.J.) 8(1) 1-14, 1962

Freisetzung von 5-Hydroxytryptamine durch Nicotin (Schievelbein H.& Werle E.)
3(1) 35-43, 1962 *

Antagonism of locomotor suppressant effects of reserpin in mice (Smith C.B. &
Dews P.B.) 3(1) 55-59, 1962

Effects of pentobarbital, lysergic acid diethylamide and chlorpromazine on mat-
ching behavior in the pigeon (Berryman R., Jarvik M.E. & Nevin J.A.) 3(1)
60-65, 1962

Acta physiol. scand.

A method for the determination of normethanephrine in brain (Carlsson A. &
Lindgvist M.) 54(1) 83-86, 1962

In-vivo decarboxylation of «-methyl DOPA and «-methyl metatyrosine (Carl-
sson A. & Lindqvist M.) 54(1) 87-94, 1962

The nature of the neuromuscular block produced by neomycine (Elmgvist D. &
Josefsson J.-0.) 54(2) 105-110, 1962

The effect of respiratory acidosis upon the peripheral vascular reactivity to
noradrenaline in the cat (Bygdeman S. & von Euler U.S.) 54(2) 138-146, 1962

Catecholamine excretion during mental work as modified by centrally acting:
drugs (Frankenhaeuser M. & Post B.) 55(1) 74-81, 1962

Regional cerebral cortical metabolic rate of oxygen and carbon dioxide, related
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to the EEG in the anesthetized dog (Gleichmann U., Ingvar D.H., Lassen
N.A., Liibbers D.W., Siesjo B.K. & Thews G.) 55(1) 82-94, 1962

Formation of phenolic acids in brain after administration of 3,4- d1hydroxyphenyl-
alanine (Carlsson A. & Hillarp N.-A.) 56(1) 95-100, 1962

Amer. J. Physiol.

Recovery of cerebral cortex from asphyxiation (Van Harreveld A. & Tachibana
S.) 202(1) 59-65, 1962

Cerebral high-energy compounds: changes in anoxia (Lolley R.N. & Samson
F.E.Jr.) 202(1) 77-79, 1962

«Correlation between respiratory reflex and acetylcholine content of pons and
medulla (Metz B.) 202(1) 80-82, 1962

J. cell. comp. Physiol.

Electrical properties of frog nerve as affected by epinephrine and hydrogen ions
(Shapiro H.) 59(1) 15-29, 1962

Mechanism of the increased acetylcholine sensitivity of skeletal muscle in low
pH solutions (Del Castillo J., Nelson T.E.Jr. & Sanchez V.) 59(1) 35-44, 1962

“The nervous control of the intracellular action potential of the squilla heart
(Irisawa H., Irisawa A., Matsubayashi T. & Kobayashi M.) §9(1) 55-60, 1962

J. Neurophysiol.

Activity of potassium mechanism in single Ranvier node during excitation (Oo-
yama H. & Wright E.B.) 25(1) 67-93, 1962

Role of cations, potassium, calcium, and sodium during excitation of frog single
nerve fiber (Wright E.B. & Ooyama H.) 25(1) 94-109, 1962

Amer. J. Psychiat.

Clinical observation of simultaneous hallucinogen administration in identical
twins (Wilkens B., Malitz S. & Escover H.) 118(9) 815-818, 1962

Relations between energy transfer system and the symptoms of schizophrenia
(Beckett P.G.S., Senf R., Frobman C.E., Tourney G. & Gottlieb J.S.) 118(11)
995-1003, 1962
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Ann. méd.-psychol.

Psychose de type schizophrénique associée A troubles endocrino-métaboliques
d’origine organique (Delay J., Deniker P. & Conte C.)102-1(2) 327-331, 1962

Arch. gen. Psychiat.

Blood proteins in functional psychoses (Fessel W.J.) 6(2) 132-148, 1962

Indole metabolites in schizophrenic patients (Brune G.G. & Himwich H.E.)

6(4) 324-328, 1962
Arch. Neurol.

Nucleic acid and protein metabolism in white matter (Koenig H., Bunge M.B.
& Bunge R.P.) 6(3) 177-193, 1962

Arch. Psychiat. Nervenkr.

Beobachtungen iiber Stoff-wechselverhalten, Muskeltonus und einige Kreislauf-
groben beim Menschen unter LSD-25-Einwirkung (Hertle E., Zipe K.E. &
Broghammer H.) 202 (6) 569-591, 1961

Dtsch. Z. Nervenheilk.

Zur Liquoreiweissbestimmung mit der Folin-Cu-Methode (Bammer H.) 183(4)
307-315, 1962

‘Encephale

De T’influence de 1’amphetamine et de la cocaine sur 1’electrocrise experimentale
(Frommel Ed. & Eleury C.) 50(5) 512-516, 1961

‘Endocrinology

Effect of sodium pentolarbital and sodium hexolarbital anesthesia on the adrenal
17-hydroxycorticosteroid secretion rate in the dog (Suzuki T., Yamashita K.,
Kamo M. & Hirai K.) 70(1) 71-74, 1962

"The gonad-brain relationship: Effects of female sex hormones on electroshock
convulsions in the rat (Woolley D.E. & Timiras P.S.) 70(2) 196-209, 1962

Eifect of electrical stimulation of the hypothalamus on thyroid function (Shi-
zume K., Matsuda K., Irie M., Iino S., Ishii J., Nagataki S., Matsusaki F. &
Okinaka S.) 70(3) 298-302, 1962



182—(36)

Chromatography and hormone activities of dog hypothalamus (Guillemin R.)
70(4) 478-480, 1962

Neural control of the thyroid gland : Studies on the role of extrapyramidal and
rhiencephalon areas in the development of the goiter (Lupulescu A., Nicolescu
A.L., Gheorghiescu B., Merculiev E.L. & Lungu M.) 70(4) 517-524, 1962

Epinephrine-induced release of ACTH in normal human subject: A test of
pituitary function (Vernikos-Donellis J. & Marks B.H.) 70(4) 525-531, 1962

Effects of brain stem lesions on aldosterone and cortisol secretion (Taylor A.N.
& Earrel G.) 70(4) 556-566, 1962

Ebilepsia

Effects of ACTH and adrenocortical hormones in juvenile epilepsy (Miribel J. &
Poirier E.) 2(4) 345-353, 1961

Use of deltacortisone and dexamethasone in severe juvenile epilepsy (Beley A.,
Flambard R., Leroy C., Poulain, R., Roussel A. & Sevestre P.) 2(4) 354-357, 1961

Urinary excretion of electrolytes in centrenophalic epileptics (Schneider J.) 2(4)
358-366, 1961

Influence of ACTH on cerebral maturation of newborn rats (Radouco-Thomas
C. & Martin F.) 2(4) 367-373, 1961

Fortschr. Neurol. Psychiat.

Konnen die heutigen Methoden der Eiweissbestimmung im Liquor Cerebrospinalis
Befriedigen? (Zantz H.) 30(2) 80-, 1962

J. Clin. Endocr.

Thyroid hormone levels of the blood after electroshock-induced convulsions in
man (Reichlin S. & O’Neal L.W.) 22(4) 385-388, 1962

J. clin. Invest.

Direct evidence for the oxidation of free fatty acids by peripheral tissues (Fried-
berg S.J. & Eates E.H.Jr.) 41(4) 677-681, 1962

The role of the endocrine glands in ketosis. II. Ketonemia following insulin
hypoglycemia (Amatruda T.T.Jr., Chase J.W. & Engle F.L.) 41(4) 758-769,
1962

J. Endoecr.

Central activation of the sympatheticoadrenal system by hypoxia and hyper-
capnia (Cross B.A. & Silver LLA.) 24(1) 91-104, 1962
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Operative techniques for newborn mice using anaesthesia by cooling (East J. &
Parrott D.M.V.) 24(2) 249-250, 1962
J. ment. Sci.

Serum enzyme activity in chronic schizophrenia (Antebi R.N. & King J.) 108
(452) 75-79, 1962

“The clinical manifestations of depressive illness with abnormal acetyl methyl
carbinol metabolism (Anderson W.M. & Dawson J.) 108(452) 80-87, 1962

Neurology (Minneap.)

Cholinesterase studies of neurologic mutants in mice. 1. Alterations in serum
cholinesterase levels (Yoon C.H. & Harris S.R.) 12(6) 423-426, 1962
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Experimental Neurology, Glees P., Clarendon Press, Oxford, 1961, pp. xii+532.

1957 R\ Hi7-[@ U232 & 3 Morphologie und Physiologie des Nervensystems
FBEUC X B EER.

Cerebral Sphingolipoidoses, A Symposium on Tay-Sachs Disease and Allied Dis-
orders, Ed. Aronson S.M. & Volk B.W., Academic Press, 1962, pp. xvii-456.
1961 4¢ 3 Aiz New York cE2:h7: Symposium EiE.

Some Biological Aspects of Schizophrenic Behavior, Ann. New York Acad. Sci.,
96(1) 1-490, 1962.

Part 1. Studies of Experimental Psychoses and Neurohormones
Part 2. Studies on Psychopharmacological Drug Actions
Part 3. Studies on Schizophrenia and Behavior 438 46.

Properties of Membranes and Diseases of the Nervous System, Springer, New
York, 1962, pp. 112, § 4.50

Molecular Transport across Neural and Non-Neural Membranes, Tower D.B.
Membrane and Myelin, Luse S.A.
Ionic Transport across Neural and Non-neural Membranes, Grundfest H.

A Stereotaxic Atlas of the Cat Brain, Snider R.S. & Niemer W.T., The Uni-
versity of Chicago Press, Chicago, 1962, pp. 132, $ 12.50 '

A Stereotaxic Atlas of the Monkey Brain, Snider R.S. & Lee J.C., The Uni-~
versity of Chicago Press, Chicago, 1962, pp. 132, $ 12.50

Eluorescence Assay in Biology and Medicine, Udenfriend S., Academic Press,
New York, 1962, pp. 505, $ 14.00
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